Abstract: Regenerated MgO-CaO brick samples containing 80wt%, 70wt%, and 60wt% MgO were prepared using spent MgO-CaO bricks and fused magnesia as raw materials and paraffin as a binder. The bricks were sintered at 1873 K for 2 h under an air atmosphere and under an isolating system. The microstructure, mechanical properties at room temperature, and hydration resistance of the regenerated samples were measured and compared. The results indicated that the isolating sintering generated a strongly reducing atmosphere as a result of the incomplete combustion of paraffin, and the partial oxygen pressure was approximately 6.68 × 10 -7 Pa. The properties of the regenerated bricks sintered under air conditions were all higher than those of the bricks sintered under a reducing atmosphere. The deterioration of the bricks was a result of MgO reduction and a decrease in the amount of liquid phase formed during sintering under a reducing atmosphere.
Introduction
MgO-CaO bricks are high-value refractories composed of lime (CaO) and periclase (MgO). They are widely used as lining bricks in refining furnaces [1] such as argon oxygen decarburization (AOD) furnaces used in the metallurgy industry because of their excellent properties of high temperature resistance, steel melt purification [23], etc. However, the broad application of MgO-CaO bricks is restricted by their strong tendency to hydrate [4] . The total consumption of MgO-CaO bricks in China was approximately 2.5 × 10 5 t in 2007 [5] , resulting in an increasing amount of spent MgO-CaO bricks that have not been reutilized. These spent bricks not only occupy a substantial land area, but also waste valuable resources [6] such as MgO and CaO. The development of process that allows reuse of spent MgO-CaO bricks is urgently needed; however, the literature contains few studies on the reutilization of spent MgO-CaO bricks. Spent bricks have been used as refractory raw materials [5] and dry materials [7] ; however, the maximum utilization of spent bricks used as raw materials was merely 25wt%, and only the parts of spent bricks that contained fewer impurities were made into dry materials because the spent bricks contained numerous impurities, including Fe 2 O 3 and Al 2 O 3 [8] ; such impurities can significantly degrade the refractoriness [9] of regenerated products.
At present, heavy hazardous chrome bricks have been widely used in the firing zone of cement rotary kilns [10] , especially in China [11] . Because of environmental concerns, many countries have passed legislation forbidding the use of chrome bricks [12] . Hence, the development of chrome-free refractory materials to replace chrome bricks is necessary. Because the operating temperature (approximately 1723 K) in a cement rotary kiln is lower than that in an AOD furnace (greater than 1923 K), regenerated MgO-CaO bricks can be reutilized in a cement rotary kiln; furthermore, MgO-CaO bricks exhibit excellent adhering coating properties [13] , which is also a benefit of their application. Therefore, regenerated MgO-CaO bricks are expected to be recycled in a cement rotary kiln as a substitute for chrome bricks. This substitution would not only prevent chrome bricks from polluting the environment, but also enable the reuse of valuable resources in spent MgO-CaO bricks.
In our preliminary work, we successfully regenerated MgO-CaO bricks using spent MgO-CaO bricks from an AOD furnace and fused magnesia as raw materials at 1873 K for 2 h. The utilization of spent bricks in regenerated bricks was 67wt%, and the flexural strength at 1373 K was 60.81 MPa [8] , which demonstrates the superior properties of the regenerated bricks. However, the properties of bricks regenerated using the same composition and synthesis process, with the exception of differences in the hermetic degree of the furnace, suggested that the sintering atmosphere may be the key point.
In this work, the regenerated MgO-CaO brick samples were prepared under normal air (oxidizing atmosphere) and isolating air (anoxic atmosphere) conditions. The phases, microstructure, mechanical properties at room temperature, and hydration resistance of regenerated MgO-CaO brick samples were investigated and compared.
Experimental

Materials
Regenerated MgO-CaO brick samples were prepared using spent MgO-CaO bricks and fused magnesia as raw materials and paraffin as a binder. The preparation procedure of green bodies containing 80wt%, 70wt%, and 60wt% MgO (hereafter referred to as M80, M70, and M60, respectively) is detailed elsewhere [8] . The size of the green bodies was 60 mm × 8 mm × 8 mm. Green bodies were separated into two groups: one group was sintered at 1873 K for 2 h as normal air was continuously bubbled into the furnace, whereas the other group was sintered in an isolating furnace. The compositions of the green bodies are shown in Table 1 . Note: * Samples denoted as "a" were sintered under normal air; samples denoted as "b" were sintered under isolating air.
Test methods
The phases of regenerated MgO-CaO brick samples were analyzed by X-ray powder diffraction (XRD). The microstructure and elemental composition of the regenerated samples were detected by scanning electron microscopy (SEM) on a ZEISS OURIGR microscope equipped with an energy-dispersive X-ray spectrometer. Flexural and compression strengths at room temperature were measured using a WDW-10E microcomputer controlled electron universal testing machine.
Hydration resistance was tested via hot-water experiments in which the regenerated samples were first boiled in deionized water at 373 K for 1 h and then dried at 383 K for 24 h; the mass gain rate was subsequently measured. The mass gain rate was calculated by the follow equation:
where η is the mass gain rate of the regenerated sample; W is the total mass of the regenerated sample and container after the experiment, g; W 0 is the mass of the regenerated sample before the experiment, g; and W 1 is the mass of the container, g. The mass gain rate was used to characterize the hydration resistance of the regenerated sample.
Results
Phases and microstructure of regenerated MgO-CaO bricks
Fig . 1 shows the XRD patterns of the regenerated samples that were sintered under conditions of normal air ( Fig.  1(a) ) and isolating air ( Fig. 1(b) ). As evident in the figure, the main phases of both regenerated samples are approximately the same, irrespective of the atmosphere. The main phases consist of MgO, CaO, and a small amount of Ca 3 SiO 5 . Besides, the character diffraction peaks of Ca 2 (AlFe)O 5 (abbreviated as C 4 AF) appeared only in samples M70 and M60 because of their greater impurity contents (Fe 2 O 3 and Al 2 O 3 ) compared with that of sample M80, which was clearly shown in Table 1 . According to Ref. [14] , Ca 2 Fe 2 O 5 (abbreviated as C 2 F) was also formed in all regenerated samples; however, the characteristic diffraction peaks of C 2 F are not evident in Fig. 1 because it was present in trace amounts.
SEM images of the fractures of the regenerated samples are shown in Fig. 2 . The microstructure of the sample, whether sintered under normal air or isolating air, clearly became denser as the content of MgO was decreased. These results are consistent with those related to the bulk density, as shown in Table 2 . Because the amounts of impurities such as Fe 2 O 3 and Al 2 O 3 increased as the content of MgO decreased, the low-melting-point materials C 4 AF (melting point of 1688 K [14] ) and C 2 F (melting point of 1722 K [14] ) were gradually generated; the presence of these materials facilitated sintering. The bulk density was directly dependent on the sintering atmosphere; i.e., regenerated samples with a much greater density were obtained under normal air (Table 2) , as clearly observed via a comparison of Fig. 2 (a) with Fig. 2(b) . These results indicate that a normal air sintering atmosphere could improve the bulk density of regenerated samples.
Mechanical properties measurements at room temperature
The flexural and compression strengths at room temperature of regenerated samples under different sintering atmospheres are shown in Fig. 3 . As evident in the figure, the flexural and compression strengths were both enhanced with a decrease in MgO content. The minimum compression strengths of the regenerated samples sintered under isolating air and normal air conditions are 238.91 MPa and 251.37 MPa respectively, both of which represent improved the mechanical properties. In addition, the mechanical properties of the regenerated samples sintered under normal air were all better than those sintered under isolating air conditions, which was a consequence of the increase in bulk density, as shown in Table 2 . 
Hydration resistance investigation
Hydration resistance is one of the key properties of MgO-CaO bricks and may reflect their stability during storage and transport. The mass gain rate of the regenerated samples after the hot-water experiments is also shown in Table 2 . As evident from the results, the mass gain rate increased with decreasing MgO content. However, the mass gain rate of regenerated samples sintered under normal air was lower than that of samples sintered under isolating air condition. As shown in Table 2 , the mass gain rate of sample M60-a sintered under normal air conditions was only 0.90%, which was even lower than that of sample M80-b sintered under isolating air conditions. Hence, the results illustrate that sintering under normal air conditions can also enhance the hydration resistance of the regenerated samples, which is similar to the results related to the bulk density and mechanical properties.
Discussion
Macroscopic observations of alumina crucibles after sintering under different atmospheres
Alumina crucibles were used to contain the regenerated samples. Significant differences in the inner walls of the alumina crucibles after sintering under normal air and those after sintering under isolating air are shown in Fig. 4 . The inner wall of the alumina crucible sintered under normal air conditions was only slightly changed to yellow from white; no more other obvious changes were observed in Fig. 4(a) . However, numerous white flocculent fibers were observed on the inner walls of alumina crucibles sintered under isolating air conditions, as shown in the image in the top corner of Fig. 4(b) ; the surface of the alumina crucible was simultaneously changed to black. 
Atmospheric analysis during isolating sintering
Macroscopic observation of alumina crucibles showed great differences after green bodies were sintered under normal air and isolating air conditions. In addition, a comparison of the properties of regenerated samples -specifically, the bulk density, mechanical properties at room temperature, and hydration resistance -indicated that the use of an air sintering atmosphere improved the properties of the regenerated samples.
During the sintering, only binder paraffin changed the atmosphere. Paraffin is a mixture of hydrocarbons with 22-36 carbon atoms. Therefore, it is prone to incomplete combustion in an anoxic system and tends to generate carbon black (C). Actually, carbon black was observed on the inner wall of the alumina crucibles used to contain the regenerated samples sintered under isolating air conditions (black region in Fig. 4(b) ); however, it was not observed in samples sintered under normal air conditions (Fig. 4(a) ). These results demonstrate that paraffin did not completely combust under the isolating air conditions and that the atmosphere was reductive because carbon black was present in excess. Thus, the atmosphere -specifically, the oxygen partial pressure in the sintering system -was responsible for the lack of complete combustion.
After the isolating air sintering process, some white flocculent fibers were deposited onto the inner wall of the alumina crucible. They were determined to be magnesium aluminate spinel (MgAl 2 O 4 ), as shown in Fig. 5 . In addition, the mass loss of MgO from the regenerated samples was also determined (Table 3) . Compared with original MgO mass, that of the sample sintered under isolating air conditions was much lower. We considered that MgO may have been reduced to Mg(g) by carbon black (C) and that Mg (g) may have evaporated out and then deposited on the inner wall of the alumina crucible, where the oxygen partial pressure ( 2 O P ) was higher than that of nearby sample. As a consequence, Mg(g) was reoxidized to MgO and further reacted with alumina crucible, resulting in the formation of white flocculent fibers (MgAl 2 O 4 ) on the inner wall of the alumina crucible. The observed results again demonstrated samples sintered under isolating air conditions were exposed to a strongly reducing atmosphere. 
Partial oxygen pressure calculation in the isolating system
The equilibrium between MgO(s) and Mg(g) is shown as follows:
r (2) 613.27 0.29 kJ / mo l ,
At 1873 K, the standard Gibbs free energy (2) is 70.10 kJ/mol, which is positive. This standard Gibbs free energy indicates that MgO could not be reduced by C at 1873 K under standard conditions. However, if a strongly reducing atmosphere is present and the partial pressure of Mg(g) (P Mg(g) ) is sufficiently low, the reaction shown in Eq. (2) can occur at 1873 K, as directly evidenced by the mass loss of MgO in the regenerated samples (Table 3) .
Here, sample M80-b sintered under isolating air conditions was selected as an example to calculate the oxygen partial pressure in the isolating furnace. The total mass loss of MgO was 3.34 g, as shown in Table 3 . We assumed that all of the mass loss was associated with the reduction of MgO and CaO, and ignored the reductions of other impurities.
The amount of substance of CO (n CO , mol) can be calculated from Eq. (2) with a known condition of m(MgO(s)) = 3.34 g, n CO = n MgO = 8.35 × 10 -2 mol. The pressure of CO (P CO ) can be calculated from the following equation:
where P CO is the pressure of CO, Pa; V is the gas volume of the isolating system, V = 1.00 × 10 -4 m 3 ; n CO is the amount of CO, mol; R is the ideal gas constant, R = 8.314 J/(mol·K); T is the temperature, T = 1873 K. Hence, P CO = 1.30 × 10 7 Pa.
The equilibrium between C(s) and CO(g) is shown as follows:
r (4) 116.86 0.085 , kJ / mol G T      (15002000 K) [15] .
When the reaction shown in Eq. (4) Pa. Therefore, we directly proved the strongly reductive sintering atmosphere in the isolating system. Fig. 6 shows SEM images of the surface of M80 samples sintered under normal air (oxidizing system) and under isolating air conditions (reductive system). We observed that numerous white banding phases (area B in Fig. 6(b) ) grew on the surface of MgO grains of sample M80-b (Fig. 6(b) ); however, they were not observed in sample M80-a sintered under an oxidizing atmosphere ( Fig. 6(a) ). The elemental composition of the white banding phases and that of the area A in Fig. 6(a) as a comparison were analyzed by energy-dispersive X-ray spectroscopy (EDS); the results are shown in Table 4 . The results indicate that, under reducing conditions, the MgO grains in sample M80-b accumulated substantially more Fe (as Fe(II) or Fe(III)). Fe(II) and Fe(III) tend to be soluble in the MgO crystal lattice at 1873 K; in addition, Fe(II) is completely soluble in MgO [16] . Because the atmosphere was reductive during the sintering under isolating air conditions, a portion of the Fe(III) was reduced to Fe(II). MgO could dissolve much more elemental Fe under a reducing atmosphere than under an oxidizing one. During the temperature-decreasing period after sintering, elemental Fe was precipitated from MgO crystals and reacted with CaO to form low-melting-point white banding materials.
Effect of sintering atmosphere on the regeneration of MgO-CaO bricks
Fe is one of the main components of C 4 AF and C 2 F, which form a liquid phase at 1873 K. During the sintering under reducing conditions, the content of C 4 AF and C 2 F decreased because of the substantial amount of Fe that dissolved into the MgO crystal lattice; thus, the amount of liquid phase formed from C 4 AF and C 2 F decreased during sintering, which inhibited the sintering process. Furthermore, the decrease in the amount of liquid phase resulted in decreased bulk density of the regenerated samples; as a result, the mechanical properties at room temperature and the hydration resistance of the samples decreased as well. In addition, the mass loss of MgO under a reducing atmosphere also contributed to the decrease of the bulk density of the regenerated samples. 
Conclusions
Regenerated MgO-CaO brick samples were prepared using spent MgO-CaO bricks from AOD and fused magnesia as raw materials and were sintered under normal air and isolating air conditions. The bulk density, mechanical properties, and hydration resistance of the regenerated samples were investigated and compared. According to thermodynamic calculations, the 2 O P in the isolating air system for regenerated samples containing 80wt% MgO was as low as 6.68 × 10 -7 Pa because of the incomplete combustion of paraffin. The results indicated that the isolating air system provided a strongly reducing atmosphere that caused the reduction of MgO and, consequently, a decrease in the bulk density of the sample. At the same time, the amount of Fe dissolved in the MgO crystal lattice increased, which resulted in diminished formation of the liquid phase from C 4 AF and C 2 F. The diminished amount of the liquid phase inhibited sintering. Hence, the bulk density, mechanical properties, and hydration resistance of the regenerated samples sintered under air conditions were all superior to that of the samples sintered under a reducing atmosphere.
